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Introduction {#sec1}
============

Naphthalene derivatives are one of the most prevalent key motifs in π-conjugated polycyclic hydrocarbons (CPHs) ([@bib10]), and polycyclic systems related to naphthalene derivatives have shown versatile applications in physical organic chemistry ([@bib10], [@bib21]), organometallic chemistry ([@bib9]), materials science ([@bib3]), and bioactive molecules ([@bib45]). During the past decades, a variety of approaches for aromatic ring modification either through metal- ([@bib46], [@bib38], [@bib31], [@bib57], [@bib5]) or organo-catalysis ([@bib39]) have been reported. Nevertheless, most of these methods are less efficient for sterically hindered substrates including naphthalenes and usually require a pre-installation of leaving groups or directional groups ([Figure 1](#fig1){ref-type="fig"}A, path a). On the other hand, transition-metal-catalyzed aromatization reactions provide a convenient way in the practical construction of substituted naphthalenes, including but not limited to the \[2+2+2\]-cycloaddition of benzyne intermediates with alkynes (path b) ([@bib36]), oxidative dehydrogenation of cyclic hydrocarbons (path c) ([@bib22], [@bib50]), ring-closing metathesis followed by aromatization (path d) ([@bib7], [@bib48]), the electrocyclization reactions, and others ([@bib46]). Recently, alkyne benzannulation has emerged as a straightforward approach for accessing densely functionalized naphthalene compounds, complementing the above-described methods ([@bib19]). Despite these advances, polyfunctionalized naphthalenes of interest are still challenging to prepare and many of the substitution patterns are beyond the scope of the current synthetic methods; these include the methods for accessing naphthalenes with versatile functional groups such as the hydroxyl, amino, and carboxyl groups ([@bib23], [@bib19], [@bib41]). These groups not only act as the key pharmacophores in pharmaceuticals ([@bib45]) but also can be used for further transformations in preparing other complex molecules. Therefore, the development of novel and practical synthetic methods to construct naphthalenes with broad functional group compatibility still remains highly desirable and appealing.Figure 1Strategy for Constructing Aromatic Rings(A) General synthesis patterns of naphthalene.(B) Carbene/alkyne metathesis (CAM).(C) This work: CAM strategy for the construction of naphthalenes.

In the last two decades, gold-catalyzed alkyne carbocyclizations have experienced explosive development in the construction of cyclic molecules with structural complexity ([@bib37], [@bib4], [@bib12], [@bib8], [@bib56]). After the first reports of Hashmi on benzene ring formation by gold catalysis ([@bib15], [@bib16], [@bib17], [@bib53]), another early example of 5-*exo*-*dig* diazo-yne carbocyclization was disclosed by Toste for the synthesis of indanone derivatives ([@bib49], [@bib34], [@bib32]). Recently, Hashmi ([@bib33]) and Tang ([@bib27]) have reported on the catalytic oxidative diyne 5-*exo*-*dig* cyclization in the presence of gold and rhodium catalysts, respectively. Although the catalytic 6-*endo*-*dig* carbocyclization of alkynes has also been studied ([@bib52]), no example of analogous diazo-yne cyclization has been reported for the construction of 6-membered carbocyclic rings. Inspired by these advances, and as the continuation of our interest in the carbene/alkyne metathesis (CAM) transformations ([Figure 1](#fig1){ref-type="fig"}B) ([@bib35], [@bib26], [@bib11], [@bib47], [@bib55], [@bib6], [@bib18]), we are intrigued by the possibility that nucleophilic addition of the diazo compound onto the gold-activated alkyne through an unprecedented 6-*endo*-*dig* diazo-yne carbocyclization followed by the expulsion of dinitrogen can be used to generate the endocyclic vinyl gold carbene species A ([Figure 1](#fig1){ref-type="fig"}C, path e) ([@bib15], [@bib30]). With this concept, the side reactions in general carbene/alkyne metathesis through carbene species B (path f), and in particular the β-*H* shift process of α-alkyl carbene intermediate B (X = CHR) ([@bib28], [@bib13], [@bib54]), can be avoided, which would substantially expand the chemistry of the CAM process ([@bib24], [@bib25], [@bib42]). Herein, we report our recent results in this direction: the first example of gold-catalyzed 6-*endo*-*dig* diazo-yne carbocyclization and the generated key intermediate **A** that is a versatile synthon for the construction of naphthalene frameworks via a stepwise aromatization or an intermolecular electrophilic aromatic substitution ([Figure 1](#fig1){ref-type="fig"}C). As a result of this new synthetic approach, naphthalene structures with a variety of functional groups were uncovered, such as alkenyl, hydroxyl, amino, and carboxyl groups, remaining untouched under these conditions.

Results and Discussion {#sec2}
======================

To test the feasibility of our proposed approach for the construction of naphthalene frameworks, *o*-alkynylphenyl diazoacetate **1a** was used as a model substrate in the presence of various metal catalysts in 1,2-dichloroethane (DCE) at 25°C ([Table 1](#tbl1){ref-type="table"}). With its sterically demanding ligand, JohnPhos(CH~3~CN)AuSbF~6~ exhibited superior reactivity for the selective formation of naphthalene **2a** in 91% isolated yield (entry 1). The corresponding chloride salt, JohnPhosAuCl, showed very low reactivity, and most of **1a** was recovered (entry 2). All of the other metal catalysts including Rh-, Cu-, Pd-, and Ag-catalysts predominantly delivered the β-*H* shift product **3a** (entries 3--6). Further investigation of the ligands and counterions of the gold catalysts indicated that the steric effect of the ligand plays a crucial role in the selectivity control (entry 8 versus 9), and the gold catalyst bearing a triphenylphosphine ligand catalyzed the reaction to predominantly form the β-*H* shift product alkene **3a** (entries 9 and 10). For the extensive examination of the ligand effect, see [Table S2](#mmc1){ref-type="supplementary-material"}. On the other hand, the counter anion of these catalysts shows no obvious effects on the reaction outcomes (entries 7--10) ([@bib43], [@bib44]). Notably, the observed 6-*endo-dig* diazo-yne cyclization process shows a unique effect for the gold catalysis that preferentially activates the C-C triple bond in the presence of a diazo group ([@bib55]). Reactions with other metal catalysts formed the β-*H* shift product **3a** as the major/only product, indicating that the reaction mechanism of this gold-catalyzed carbocyclization is distinctly different and that initial catalytic decomposition of the diazo group to form the corresponding carbenoid intermediate does not occur in this case.Table 1Reaction Optimization![](fx2.gif)EntryCatalyst**2a** (%)[a](#tblfn1){ref-type="table-fn"}**3a** (%)[a](#tblfn1){ref-type="table-fn"}1JohnPhosAu(CH~3~CN)SbF~6~94 (91)[b](#tblfn2){ref-type="table-fn"}\<52[c](#tblfn3){ref-type="table-fn"}JohnPhosAuCl--\<103[c](#tblfn3){ref-type="table-fn"}Rh~2~(OAc)~4~\<5\<5(70)[d](#tblfn4){ref-type="table-fn"}4Cu(CH~3~CN)~4~BF~4~\<5915Pd~2~(dba)~3~22476AgSbF~6~\<596(90)[b](#tblfn2){ref-type="table-fn"}7JohnPhosAuCl + AgSbF~6~92\<58JohnPhosAuCl + AgNTf~2~90\<59PPh~3~AuNTf~2~\<58710PPh~3~AuSbF~6~\<586[^2][^3][^4][^5][^6]

Under the optimal reaction conditions, we investigated the scope of this unprecedented 6-*endo-dig* diazo-yne cyclization for the synthesis of 2,3-disubstituted naphthalenes ([Scheme 1](#sch1){ref-type="fig"}A). The impact of the ester part was examined first. It was found that the reaction could be applied to alkyl, benzyl, and 3-phenylallyl esters without a noticeable yield deterioration (**2a**-**2e**, 89%--92% yields). Then, the nature of the alkyne terminus was investigated. The electronic effects and the position of the substituent groups on the phenyl group of the substrates had little influence, and the corresponding products **2f**--**2m** were produced in high to excellent yields (67%--92%). Moreover, the 1-naphthyl-, 2-thienyl-, and alkyl-substituted substrates underwent the reaction smoothly, leading to naphthalene products **2n**--**2q** in \>76% yields. Subsequently, diazoketones were used instead of diazoacetates, and it was found that they were also tolerated under these conditions. The corresponding products **2r** and **2s** were isolated in 81% and 62% yields, respectively. In addition, the reaction performed well on a gram scale with 94% isolated yield (note b, on 4.0 mmol).Scheme 1Scope for the Synthesis of NaphthalenesReaction conditions: **Method A**: **1** or **4** (0.2 mmol), JohnPhosAuSbF~6~ (0.01 mmol) in DCE (1,2-dichloroethane, 2.0 mL) at 25°C,12 h, and yields are given in isolated yields. **Method B**: **14** (0.2 mmol), Ar-H (0.3 mmol), JohnPhosAuSbF~6~ (0.01 mmol) in DCE (1,2-dichloroethane, 2.0 mL) at 60°C, 3 h, and yields are given in isolated yields.The reaction was conducted on a 4.0-mmol scale.(A) Synthesis of 2,3-disubstituted naphthalenes.(B) Synthesis of 1,2,3-trisubstituted naphthalenes.(C) Synthesis of 1,2,3,4-tetrasubstituted naphthalenes.

Encouraged by these promising results, we envisioned that this catalytic system may also facilitate other challenging substrates for the synthesis of multi-functionalized naphthalene derivatives, with the results from these investigations summarized in [Scheme 1](#sch1){ref-type="fig"}B. Initially, α-hydroxyl substrate **4a** was used under the method A; however, no corresponding naphthalene product was observed. To our delight, when the substrates protected either with the Ts (**4b**) or TMS (**4c**) groups were used under the optimized reaction conditions, the reaction directly delivered the deprotected α-naphthol product **5a** in 76% and 91% yields, respectively. The ester variants, **4d** and **4e**, also provided the corresponding 1,2,3-trisubstituted naphthalenes in high yields (\>87%). Notably, naphthylamine **5f** was isolated in 81% yield under the current conditions from **4f**.

To further demonstrate the generality of the present transformation, 1,3-dicarbonyl diazo compound **14** without α-methylene linkage was prepared and the interception reaction of the corresponding vinyl carbene intermediate **A** ([Figure 1](#fig1){ref-type="fig"}C, X = CO) was envisioned. To our delight, the C(sp^2^)-H insertion products **15** were isolated in good to excellent yields ([Scheme 1](#sch1){ref-type="fig"}C, 53%--94% yields) when the reaction was performed at 60°C in the presence of nucleophiles such as indoles, furan, and pyrrole.

To demonstrate the synthetic utility of the present method, further transformations of carbocyclization products **2** were conducted for the synthesis of π-CPHs. For example, the tetracyclic fused lactam **6** was generated in one-pot from **1t** after the ester-amide exchange reaction with the internal amino group ([Figure 2](#fig2){ref-type="fig"}A). In addition, these 2-carbonyl naphthalenes were smoothly converted under acidic conditions to polycyclic hydrocarbons ([Figures 2](#fig2){ref-type="fig"}B and 2C), with **7a** and **7o** isolated in 84% and 95% yields, respectively.Figure 2Synthesis of π-Conjugated Polycyclic Hydrocarbons (CPHs) and Chiral 1,2′-Dinaphthalene Ligands(A) Synthesis of polycyclic lactam **6**.(B) Synthesis of polycyclic ketone **7a**.(C) Synthesis of polycyclic ketone **7o**.(D) Synthesis of chiral 1,2'-dinaphthalene ligands.

Notably, chiral 1,2′-binaphthalene products could be prepared in high yield and 1:1 *dr* with (−)-L-menthol derived diazo compound **1u** ([Figure 2](#fig2){ref-type="fig"}D). The two diastereoisomers were separated by column chromatography with the (*S*)-isomer confirmed by single-crystal X-ray analysis. Moreover, the optically pure chiral phosphate derivative (*R*)-**10u** and chiral oxazole ligand **11u** with 1,2′-binaphthalene frameworks were synthesized in high yields. Although ligands with the 1,1′-binaphthalene skeletons have been studied well and have broad applications, chiral ligands derived from 1,2′-binaphthalene motifs are rare, mainly because of the limited methods for access to this class of compounds ([@bib29]).

Control experiments were conducted to investigate the mechanism of this reaction. To verify the existence of the vinyl gold carbene intermediate, the interception reaction with **1c** in the presence of diphenyl sulfoxide was carried out at −20°C and the corresponding ketone product **12** was isolated in 41% yield combined with **2c** in 50% yield ([Figure 3](#fig3){ref-type="fig"}A) ([@bib49], [@bib34], [@bib32], [@bib33], [@bib27]). Evidence for the stepwise aromatization and protodeauration process was confirmed by an isotope-labeling experiment ([Figure 3](#fig3){ref-type="fig"}B, **2a-d** with 58% D). Moreover, the deuterated product **2a** was also obtained when the reaction was carried out in the presence of CD~3~OD under standard conditions ([Figure 3](#fig3){ref-type="fig"}C, with 80% D). In addition, an intermolecular kinetic isotope effect (KIE) experiment ([Figure 3](#fig3){ref-type="fig"}D, *k*~H~/*k*~D~ = 1.0) demonstrated that the deprotonation process is not the rate-limiting step. Based on these results and previously studied gold-catalyzed transformations ([@bib49], [@bib34], [@bib32], [@bib33], [@bib27], [@bib52], [@bib35], [@bib26], [@bib11], [@bib47], [@bib55], [@bib6], [@bib18], [@bib30] [@bib28], [@bib13], [@bib40], [@bib14]), a possible reaction mechanism is proposed in [Figure 4](#fig4){ref-type="fig"}. Initially, the gold catalyst coordinates the π-bond of alkyne to form a gold π-complex followed by a 6*-endo-dig* cyclization with the carbon on the diazo group to generate intermediate **I** that delivered the vinyl gold carbene **II** followed by a stepwise aromatization (deprotonation, X = CHR) and protodeauration process to form the naphthalene product **2** or **5** via **III**. Alternatively, direct formation of the key intermediate **III** from **I** through deprotonation with synchronous dinitrogen extrusion is also possible. Intermolecular electrophilic aromatic substitution interception of the vinyl gold carbene **II** would lead to the formation of C(sp^2^)-H insertion product **15**. It should be noted that the reaction pathway through direct catalytic gold carbene formation followed by cyclopropenation and gold-catalyzed rearrangement of the cyclopropene to form the vinyl gold carbene intermediate **II** was ruled out in this reaction ([@bib15], [@bib16], [@bib17], [@bib53], [@bib1], [@bib20], [@bib2], [@bib51]), which is consistent with the results of the comparison experiments ([Figure 3](#fig3){ref-type="fig"}E). For example, no corresponding direct carbene insertion product via **IV** was obtained when the reaction was carried out in the presence of MeOH or anisole, and the carbocyclization product **2l** was isolated as the only product in 83% and 80% yields, respectively. In addition, using the catalysts that prefer to activate the diazo group instead of the alkyne part, such as PPh~3~AuNTf~2~ and Rh~2~(OAc)~4~, the formation of carbene intermediate **IV** would occur initially ([Figure 4](#fig4){ref-type="fig"}, side reactions in dotted box), and the β-*H* shift product **3l** and O-H insertion product **13l** were generated predominantly via common carbene intermediate **IV** ([Figure 3](#fig3){ref-type="fig"}E).Figure 3Control Experiments and Comparison Experiments(A) Control reaction in the presence of dimethylsulfoxide.(B) Control reaction with deuterated reagent.(C) Control reaction in the presence of CD~~3~~OD.(D) Intermolecular kinetic isotope effect (KIE) experiment.(E) The comparison experiments of carbene vs non carbene process.Figure 4Proposed Reaction Mechanism

Conclusion {#sec2.1}
----------

In summary, we have developed a gold-catalyzed 6*-endo-dig* carbocyclization of alkyne with the pendent diazo groups that provides an expeditious approach for the synthesis of multi-functionalized naphthalene derivatives in high to excellent yields under mild conditions with broad substrate scope; functional groups, such as alkenyl, hydroxyl, amino, and carboxyl groups, are well tolerated under current conditions. The generated 2-carboxyl naphthalenes are useful for further diversification, as exemplified by the synthesis of chiral 1,2′-binaphthalene ligands and π-CPHs. Mechanistic studies indicate that the naphthyl-gold complex and the vinyl gold carbene species are the key intermediates in this cascade transformation, and side reactions in the usual carbene/alkyne metathesis process can be avoided under the current conditions, particularly for the β-*H* shift process. Synthetic applications based on the interception of these unique on-ring vinyl carbene intermediates, including the development of novel cascade reactions and synthesis of aromatic products with structural diversity, could be expected in due course.

Limitations of the Study {#sec2.2}
------------------------

The asymmetric version for the formal C-H insertion reaction has not been realized, which is the main challenge in gold catalysis.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

The crystallography data have been deposited at the Cambridge Crystallographic Data Center (CCDC) under accession number CCDC: 1828269 ((*S*)-**2u**) and can be obtained free of charge from [www.ccdc.cam.ac.uk/getstructures](http://www.ccdc.cam.ac.uk/getstructures){#intref0010}.
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[^1]: Lead Contact

[^2]: Optimization conditions: **1a** (58 mg, 0.2 mmol) and catalyst (0.01 mmol) in DCE (1,2-dichloroethane, 2.0 mL) at 25°C for 12.0 h, unless otherwise stated.

[^3]: Yield determined by proton NMR using 1,3,5-trimethoxybenzene as the internal standard.

[^4]: Isolated yields.

[^5]: Most of **1a** (\>90%) was recovered.

[^6]: The results in parentheses is the reaction that was conducted at 60°C instead of 25°C.
